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Tail-anchored proteins play important roles in protein translocation, membrane fusion and apopto-
sis. They are targeted to the endoplasmic reticulummembrane via the guided-entry of tail-anchored
proteins (Get) pathway. We present the 2 Å crystal structure of Get4 which participates in early steps
of the Get pathway. The structure shows an a-solenoid fold with particular deviations from the reg-
ular pairwise arrangement of a-helices. A conserved hydrophobic groove accommodates the ﬂexible
C-terminal region in trans. The structural organization of the Get4 helical hairpin motifs provides a
scaffold for protein–protein interactions in the Get pathway.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Tail-anchored (TA) membrane proteins represent a signiﬁcant
percentage of the eukaryotic membrane proteome [1]. They play
important roles in various cellular processes, including membrane
fusion (e.g. SNARE proteins), protein translocation (e.g. Sec61ß),
and apoptosis (e.g. Bcl2) [2–4]. In contrast to N-terminal signal se-
quences employed by typical SRP (signal recognition particle) sub-
strates [5,6], TA proteins carry their targeting signal within a single
transmembrane domain (TMD) at the C-terminus [7]. Therefore,
the targeting signal is exposed to the cytosol after the release from
the ribosome and TA proteins are post-translationally targeted. Re-
cently, Get3 was identiﬁed as a cytosolic ATPase that binds and tar-
gets cargo proteins (TA proteins) in a nucleotide dependent
manner to the ER membrane [8,9]. Several structures of Get3 in dif-
ferent nucleotide loads shed light on the catalytic cycle of the Get3
ATPase as well as on the TA protein binding site [10–14]. Genetic
and biochemical studies identiﬁed four additional components in
the guided-entry of tail-anchored proteins (Get) pathway: Get1,
Get2, Get4, and Get5. Get1/Get2 provide the receptor at the ER
membrane required for TA protein targeting [15] and interact with
Get3 [16]. Get4 (YOR164C in yeast) and Get5 (Mdy2p in yeast)
interact with Get3 in the cytosol and in yeast form the TMD recog-
nition complex [16]. Get4 and Get5 were found associated withchemical Societies. Published by E
e (I. Sinning).ribosomes [17]. Therefore, both proteins are suggested to play a
role in the cargo loading step. Knock-out yeast strains of get4
and get5 (Dget4 and Dget5) show severe defects in TA protein bio-
genesis such as a localization defect of the cargo protein Sed5 [16].
Although the Get pathway has recently received quite some atten-
tion, our understanding of the individual steps and protein interac-
tions along this pathway is still rather limited.
In order to add to the molecular details of TA protein targeting,
we determined the crystal structure of Get4 from a thermophilic
fungus at 2 Å resolution. The structure provides insights in the
adaptation of the a-2-solenoid fold to allow interactions to Get4
with components of the Get pathway.
2. Materials and methods
2.1. Cloning, expression and puriﬁcation
The gDNA of the thermophilic fungus Chaetomium thermophi-
lum (C. therm.) was sequenced (Amlacher and Hurt, in preparation).
The gene encoding residues 1–329 of C. therm. Get4 was ampliﬁed
from a cDNA preparation and cloned into the pET-24d vector using
the NcoI/BamHI sites. All DNA constructs were sequenced by AGO-
WA, Berlin. Native and selenomethionine (SeMet) labelled Get4
were over-expressed in Escherichia coli strain BL21 (DE3) Rosetta
(Novagen) at 37 C, the latter one in a supplemented M9 medium
with 1 mM IPTG induction at an OD600 0.6. Cell pellets were resus-
pended in a buffer consisting of 10 mM Tris–Cl pH 8.0, 500 mMlsevier B.V. All rights reserved.
Fig. 1. Structure of Get4. (A) Multiple sequence alignment of Get4 homologs from C. therm., S. cerevisiae, and H. sapiens. Secondary structure elements of C. therm. Get4 are
indicated above the sequence. Numbering is according to the sequence of C. therm. Get4. Red lines indicate the residues interacting in transwith a symmetry related molecule
(see Fig. 3A). (B) Ribbon representation of the C. therm. Get4 structure. Coloring is done in a ramp from blue (N-terminus) to red (C-terminus). N- and C-termini, and secondary
structure elements are labelled. Dotted lines indicate disordered regions in the crystal structure. C. therm. Get4 (in light blue) is superimposed with structural homologs that
share the a-2-solenoid fold in (C) the vacuolar protein sorting-associated protein 35, Vsp35 (PDB entry code 2r17-chainD residues 522–780; green) and (D) the adaptor
protein complex AP-2 a-subunit (PDB entry code 1gw5-chainA residues 253–508; green).
1510 G. Bozkurt et al. / FEBS Letters 584 (2010) 1509–1514NaCl, 20 mM imidazol, 1 mM MgCl2, 1 mM DTT). Cells were lysed
using a Microﬂuidizer M110L (Microﬂuidics). The protein was
puriﬁed using a His-Trap HP column (GE Healthcare) followed by
size exclusion chromatography (Superdex 75 26/60, GE Health-
care) in a buffer consisting of 10 mM Tris–Cl pH 8.0, 150 mM NaCl,
1 mM MgCl2 and 1 mM DTT. The same puriﬁcation protocol was
used for the SeMet-labelled protein.2.2. Crystallization and structure determination
Native and SeMet crystals of C. therm. Get4 were grown at 4 C.
The crystallization conditions, structure determination using the
single wavelength anomalous dispersion (SAD) method as well as
reﬁnement are described in the Supplementary data. Atomic coor-
dinates and structure factors for the crystal structure of C. therm.
Fig. 2. Surface analysis of Get4. (A) The degree of sequence conservation within Get4 proteins is mapped onto the surface of the structure in three orientations: the convex
surface (left panel), the tip (middle) and the concave surface (right). Red, dark orange, orange and yellow indicate residues that are highly or partially conserved, respectively.
Clefts are indicated by arrows, the conserved patch at helices a2 and a4 is indicated by a star. (B) Electrostatic surface potential is shown for the same orientations as in (A).
The molecular surface is colored blue and red according to positive and negative electrostatic potential, respectively.
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sion code 3LPZ.
3. Results and discussion
3.1. Get4 has an a-2-solenoid fold
In order to understand the role of Get4 in the Get pathway in
more detail, we expressed, puriﬁed and crystallized full length
Get4 from the thermophilic fungus C. therm. Get4 shares 29% iden-
tity and 50% homology with Saccharomyces cerevisiae Get4 (24%
and 45% with Homo sapiens Get4, respectively) (Fig. 1A). Get4 is a
stable monomer in solution (not shown). The structure was deter-
mined at 2 Å resolution using SAD. Crystallographic statistics are
given in Supplementary Table 1. Get4 has an elongated, slightly
curved shape with dimensions of 70  30  40 Å (Fig. 1B). The
structure is well ordered with the exception of a short ﬂexible loop
(residues 217 and 218) and a disordered region at the C-terminus
(residues 306–314 and 324–329).
Get4 comprises 14 a-helices arranged pairwise with an a-2-
solenoid fold [18], and an additional a-helix in the C-terminal re-
gion. The N-terminal region of Get4 (residues 1–156, helices a1–
a8) shows a slight curvature and its architecture is similar to a
TPR (Tetratrico Peptide Repeat)-like fold [19,20]. Vps35 [21] was
identiﬁed as the closest structural homologue of Get4 by the pro-
gram DALI [22] with a root mean square deviation (rmsd) of
2.7 Å over 126 residues (Fig. 1C). Other structural homologues in-
clude the a-subunit of the endocytic AP-2 complex [23] (rmsd of
3.3 Å over 107 residues; Fig. 1D), cullin-homolog1 [24] (rmsd
3.3 Å over 111 residues), Sec17 [25] (rmsd of 3.5 Å over 107
residues), and protein phosphatase 2A [26] (rmsd 3.4 Å over 109
residues). The regular arrangement of the ﬁrst three helical hairpin
repeats (a1–a2, a3–a4, a5–a6) in Get4 is distorted at the fourth
repeat by an insertion in the loop connecting a6 and a7 (Fig. 1A
and B). As a consequence, a7 and a8 do not pack as tightly to
the preceding repeat as observed for the ﬁrst three repeats. In addi-
tion, a8 is shorter than the other helices and small residues in the
interface enable a tight packing of a7 and a8 which leads to partic-
ular deviations from a regular arrangement. The distortion
continues in the C-terminal part of Get4 (residues 157–329) with
six a-helices. Brieﬂy, a9 is tilted and shifted away from a7, anda10 contains a proline kink. The insertion of a ß-hairpin between
a11 and a12 prevents the addition of the following helix pair
(a13–a14), which instead is attached on the side of the a-2-sole-
noid. Overall, the deviation from the pairwise helical arrangement
introduced by the fourth repeat creates a pronounced cleft at the
convex surface of Get4, while the insertion of a ß-hairpin and the
addition of a13–a14 on the side lead to a packing defect which
leaves the binding site of one helix (in a regular a-2-solenoid array)
empty. The Get4 C-terminus (residues 291–329) is not part of the
a-2-solenoid fold and appears to be ﬂexible. The regions compris-
ing helix a15 (residues 296–305) and residues 308–310 and 315–
323 interact in trans with two different symmetry related mole-
cules (see below; Supplementary Fig. 1).
3.2. Get4 surface analysis identiﬁes conserved protein interaction sites
Get4 was shown to interact with Get5 [17,27] and the Get4/5
complex has been suggested to bind to ribosomes [17] as well as
to Get3 [16]. In order to investigate the structure of Get4 for pro-
tein interaction sites, the conserved surface areas (Fig. 2A) and
the electrostatic surface potential (Fig. 2B) were analysed. Get4 is
slightly acidic with a pI of 6.2 and striking differences are observed
between the concave and convex surfaces for both, conservation
and electrostatic surface potential. The concave surface of Get4
(Fig. 2A, right panels) is not conserved. The convex surface (left
panels) however displays conserved regions in the C-terminal part,
as well as at the ﬁrst two helical repeats at the N-terminus. This
suggests that the convex surface of Get4 might be used for protein
interactions, e.g. with Get3 and/or Get5. Close structural homo-
logues of Get4 such as Vps35 and AP-2 both employ the concave
surface for protein interactions [21,23]. Similarly, TPR proteins
use their concave surface for protein–protein interactions [28–
30], but also their convex side e.g. in the Fis1/Caf4 structure [31].
The conserved region in the N-terminal part is formed by a2
and a4, which includes also several charged residues (Figs. 1A
and 2B). Interestingly, these residues are involved in a crystal con-
tact which could indicate an interaction site (Supplementary
Fig. 1). The N-terminal part of Get4 was shown to be involved in
Get3 interaction in a yeast two-hybrid assay [32]. Our analysis of
the Get4 structure supports these data and suggests that the pro-
posed protein interaction site may localize at a2 and a4 on the
Fig. 3. Analysis of Get4 interaction sites (A). C-terminal region of C. therm. Get4 interacts in trans with part of the central cleft. The elongated interacting peptides comprising
residues 308–310, and 315–323 are represented as sticks (green). Get4 is shown in a surface representation (light blue). (B) Superposition of C. therm. Get4 (surface in light
blue) with the S. cer. Get5 from the Get4/Get5 complex (PDB entry code 2wpv; ribbon representation in yellow). The in trans interacting peptides (same as in A) are shown as a
ribbon (green). (C) Superposition of C. therm. Get4 (blue) with the S. cer. Get4/Get5 complex (Get4 in wheat, Get5 in yellow, PDB entry code 2wpv). Conformational changes in
Get4 upon Get5 binding are indicated by arrows (see text). The C-terminus of C. therm. Get4 is shown up to a15, which is not resolved in the S. cer. Get4 structure.
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a large cleft is present in the center of the convex surface which is
also conserved (Fig. 2, left panels). Closer inspection reveals a
bipartite structure with one part (to the right) being mainly hydro-
phobic while the left part is more polar with a number of positively
charged residues. In addition, a second cleft localizes at the tip of
Get4 (Fig. 2, middle panels). The insertion of a ß-hairpin after
a11 seems to cause a packing defect which creates a conserved
cleft formed by mainly hydrophobic residues. Taken together, the
surface analysis suggests that the concave surface of Get4 might
not be involved in protein interactions, while the convex surface
and the cleft at the tip display properties typical for protein inter-
action sites. They might therefore participate in the interactions
with Get3 and Get5.
3.3. The Get4 C-terminus occupies the Get5 binding site
During reﬁnement of the Get4 crystal structure an elongated
electron density was observed in the hydrophobic cleft at the con-
vex surface. The polar part of the cleft is however empty. An elon-
gated peptide could be ﬁtted into the electron density representing
part of the ﬂexible C-terminal region of a symmetry related Get4
molecule (residues 308–310 and 315–323) (Fig. 3A; Supplemen-
tary Fig. 1). Due to the size and shape of the hydrophobic cleft
we ﬁrst hypothesized that it might be involved in TA protein bind-
ing. When we modeled the TMD of Sec61b [33] into the cleft we
found that Get4 could indeed accommodate an a-helix (not
shown). Get4 has been shown to interact with Get3 and Get5
[16,27] and therefore, the cleft might contribute to these interac-
tions. Recently, the structure of S. cerevisiae Get4 in complex withthe N-terminal region of Get5 was reported [32]. Here the central
hydrophobic cleft in Get4 accommodates an elongated peptide
from Get5 corresponding to the loop region after the short helix
a2 (Fig. 3B, left panel). Superposition of both structures shows that
the C-terminal region of Get4 in our structure (residues 308–310
and 315–323) superimposes well with the Get5 loop (residues
41–54) (Fig. 3B, left panel). Notably, the Get4 and Get5 peptides
both bind to the hydrophobic cleft, but with opposite orientations
and their sequences are not conserved. The more polar part of the
cleft is empty in both cases.
The Get4 surface analysis (see above) identiﬁed a second con-
served cleft on the tip (Fig. 2, middle panels). The C-terminal helix
a15 binds in close vicinity to this cleft in trans (Supplementary
Fig. 1). In our initial analysis we hypothesized that a15 could occu-
py this cleft as its surface characteristics match the properties of
the cleft. However, in the S. cer. Get4/5 complex this cleft is occu-
pied by Get5 a1 (Fig. 3B, right panel) [32]. This helix has amphi-
pathic properties similar to Get4 a15 in our structure, and buries
its hydrophobic side in the interface with Get4. This interaction
with Get5 complements the helical hairpin arrangement of Get4
and ‘‘heals” the packing defect in the Get4 structure (Fig. 3B, right
panel). We therefore speculate that in the absence of Get5, Get4
a15 might occupy this cleft, and is displaced by Get5 a1 upon for-
mation of the heterodimer.
3.4. Get4/5 complex formation involves distinct adjustments
Comparison of isolated Get4 with the Get4/5 complex [32]
shows that both Get4 structures are very similar, underlining the
high conservation of the a-2-solenoid fold (rmsd of 1.53 Å over
G. Bozkurt et al. / FEBS Letters 584 (2010) 1509–1514 1513260 residues between C. therm. Get4 and S. cer. Get4/Get5)
(Fig. 3C). Only minor conformational changes are induced in Get4
upon binding of Get5, which localize to the C-terminal part of
the structure (superposition of a1–a8: rmsd 1.27 Å over 149 resi-
dues, and of a9–a14: rmsd 1.37 Å over 113 residues). Therefore,
Get4 can accommodate Get5 without large conformational
changes. Two speciﬁc adjustments in the Get4/5 complex are how-
ever observed: the ß-hairpin in Get4 is stabilized, and moves by
about 3 Å towards Get5 a1; the loop region between a7 and a8
moves by about 4 Å towards the N-terminal region which further
opens the hydrophobic binding cleft for Get5. Taken together, the
a-2-solenoid fold of Get4 provides a stable scaffold for the interac-
tion with different proteins. The deviations from a regular helix
arrangement in Get4 create two clefts that are used in Get5
binding.
In the Get4/5 structure [32] the C-terminal region of Get4 (res-
idues 293–312) including a15, which is conserved in all Get4
homologues (Figs. 1A and 2) is not resolved. Therefore a15, which
is connected to the a-2-solenoid scaffold by a ﬂexible linker in the
Get4 structure (this work), is detached in the Get4/5 complex and
available to interact with another component of the Get pathway.
The a-helical subdomain of Get3 which is thought to form the TA
protein binding site comprises a number of amphipathic helices
similar to a15. Whether a15 may participate in TA protein binding
by Get3 remains to be seen.
4. Conclusions
The Get pathway is essential for efﬁcient targeting of TA pro-
teins to the ER [15]. Get4 and Get5 participate in the biogenesis
of TA proteins and function upstream of Get3 [16]. Get4 has an
a-2-solenoid fold and a ﬂexible C-terminal region with a conserved
amphipathic helix. The structure of Get4 provides a robust scaffold
with conserved interaction sites that allow to assemble larger com-
plexes in the early steps of the Get pathway, e.g. Get3, Get5 and/or
Sgt2 [16,27,34]. Get4 forms a stable complex with Get5 in which
the N-terminal helix of Get5 binds to the tip of Get4 and comple-
ments the a-2-solenoid fold. An elongated peptide of Get5
occupies a hydrophobic binding cleft [32], which can also accom-
modate other peptides even in the opposite orientation (this work).
The presence of an extended water network in the vicinity of the
interacting peptides in both cases raises questions on the speciﬁc-
ity of the observed interactions. Since a large part of the cleft is
empty also in the Get4/5 complex, it could be employed in another
interaction of Get4/5 e.g. with Get3 or a Get3/TA protein complex.
More biochemical experiments are needed to dissect the interac-
tion of the components of the Get pathway.
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